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Optical fibres have been used as sensors for several types of measurands, such as
temperature, since the 1970s and proven feasible as distributed temperature sensors since the
1980s. This thesis focuses on the application of distributed optical fibre sensors in practical
experiments to measure a temperature profile of a heated tube. The optical fibre sensing
principles are based on Rayleigh backscattering and optical frequency-domain reflectometry
(OFDR).

Experiments were performed in LUT University’s Nuclear Engineering Laboratory’s
CRAFTY facility. Two different models of distributed optical fibre sensors, namely high-
definition and high-definition strain-compensated, were used to measure a one-dimensional
distributed temperature profile on the outer surface of a straight horizontal stainless steel
tube in different temperatures ranging from 150 °C to 240 °C. Optical fibre temperature
readings were compared to thermocouples and resistance temperature detectors.

Optical fibre sensors based on Rayleigh backscattering and OFDR were able to measure a
relatively clear temperature distribution of a heated tube. Both fibres remained functional
above their stated maximum operating temperatures. Temperature readings were always
higher than those of thermocouples and resistance thermometers. High-definition fibre
showed 2 °C to 20 °C higher readings with the inaccuracy increasing as a function of
temperature. Strain-compensated fibre showed between the same to 5 °C higher readings,
giving more accurate results in comparison without deviating as a function of temperature.
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Optisia kuituja, eli valokuituja, on kéytetty useiden eri fyysisten suureiden kuten 1dmpdétilan
mittaamiseen jo 1970-luvulta ja niiden toimivuus hajautettuina lampdétila-antureina
todistettiin jo 1980-luvulla. Tdssd kandidaatinty9ssa kaytetdan valokuituldmpdétila-antureita
kiytannon kokeissa, joissa mitataan lammitetyn putken lampdtilaprofiilia. Valokuitujen
mittausperiaate  perustuu  Rayleigh-takaisinsirontaan  ja  optisen  taajuusalueen
reflektometriaan (OFDR).

Kaytdnnon kokeita suoritettiin LUT-yliopiston ydinvoimatekniikan tutkimuslaboratoriossa
CRAFTY-koelaitteistossa kéyttden kahta erimallista valokuitua, ns. high-definition (HD) ja
high-definition strain-compensated (SC), lampdétila-anturina mittaamaan yksiulotteista
vaakasuuntaista ldmpdotilaprofiilia [immitetylle terdsputkelle eri lampétiloissa 150 °C ja 240
°C vililla. Valokuitujen lampdétila-arvoja verrattiin termoparien ja vastuslampdotila-anturien
arvoihin.

Rayleigh-sirontaan ja OFDR-tekniikkaan perustuvilla valokuituldmpdtila-antureilla oli
mahdollista mitata suhteellisen selked ldmpotilaprofiili putkelle. Molemmat kuidut pysyivét
toimintakykyisind ilmoitettujen enimmaiskayttolampotilojen ylidpuolella. Valokuitujen
lampdtila-arvot olivat aina korkeammat kuin termoparien ja vastusanturien arvot. HD-kuitu
osoitti 2 °C ja 20 °C vililtd korkeampia arvoja, epidtarkkuuden kasvaessa lampotilan
noustessa. SC-kuitu osoitti joko samoja tai noin 5 °C korkeampia arvoja, antaen verrattaen
tarkempia tuloksia ilman, ettd epatarkkuus olisi kasvanut lampdétilan funktiona.
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1 Introduction

The purpose of this thesis is to validate the accuracy and viability of measuring a temperature
profile with distributed optical fibre sensors by practical experiments. Experiments are
conducted in Lappeenranta—Lahti University of Technology’s Nuclear Engineering
Laboratory in the separate-effect-test facility called Critical Flow Test Facility (CRAFTY).
The temperatures of the experiments range from 150 °C to 240 °C. Two different models of
commercially available distributed optical fibre temperature sensors are installed to both
sides of one of CRAFTY’s discharge tube’s outer surface with tape and adhesive which are
then covered by thermally insulating material. The discharge tube is heated with flowing
water inside along its length. The fibres are probed with an interrogator using optical
frequency-domain reflectometry (OFDR) based on intrinsic Rayleigh backscattering in the
fibres to obtain in-situ distributed temperature measurements. Optical fibre temperature

readings are compared to thermocouples (TC) and resistance temperature detectors.

The experiments in this thesis will test the reliability and compare the accuracy and operating
temperatures of two different models of optical fibre temperature sensors. The purpose of
the experiments is to determine the practical usability of optical fibre with test equipment
and ensuring functionality within and beyond the manufacturer’s stated operating
temperatures. Ideally, both optical fibres would give the same temperature readings as the
traditional instrumentation. So-called high-definition (HD) and high-definition strain-
compensated (SC) optical fibres, with spatial resolutions of 5.2 mm and 10.4 mm
respectively, are used and compared together, although in separate tests. SC fibre product
data sheet states a measurement uncertainty of 0.9 °C and operating temperature up to 200
°C. HD fibre product data sheet states only the operating temperature of up to 220 °C. Some
previous works have claimed accuracies as precise as +1 °C or even 0.1 °C depending on
the spatial resolution used, usually <10 mm (Gifford et al. 2005; Soller et al. 2006; Rahim
et al. 2015).

Optical fibres provide an alternative for measuring a temperature profile instead of single-
point thermocouples or resistance temperature detectors. Distributed temperature sensors are
a promising technology that can provide simple or complex temperature mappings up to

three dimensions in different mediums. Validating the viability of using optical fibre as a



temperature measuring instrument is important as it will verify if the technology can be

useful in laboratory or industrial applications.

The facility accommodating these experiments can provide heated water up to 270 °C but
testing will be limited to a maximum of about 240 °C. The interrogator used is limited to
probing one fibre at a time due to the use of the strain-compensated model fibre, meaning
the tests cannot be performed simultaneously for each experiment (Luna Innovations Inc.
2020, p. 9), limiting the effectiveness of comparing the fibres to each other. Optical fibre
sensors also react to changes other than temperature, such as strain and humidity, which can

negatively affect temperature measurement accuracy.

This thesis covers the types optical fibres used and their working principles, previous works
including their methods and results, the experiments conducted including the measuring
arrangements in the laboratory, finishing with conclusions regarding the achieved results and
the use of optical fibre as a distributed temperature sensor as well as discussion of potential

future experiments and improvements.



2 Optical fibre as a distributed temperature sensor

Optical fibre sensors are devices that use light to convey what they sense. Distributed optical
fibre sensors determine the spatial distribution of a measurand along a section of the fibre
instead of at one point only. The fibre is both the sensing element and the means of carrying
the optical signals used for this purpose. (Hartog 2017, p. 3) Optical fibres can be used as
sensors for various types of measurands such as temperature, pressure, strain, vibration,
humidity or ionising radiation. An optical fibre sensor is typically composed of a standard
off-the-shelf optical telecommunications fibre with a doped fused silica core, fused silica
cladding and a protective coating, typically a polymer, although metals are possible (Kreger
et al. 2016). Optical fibres are lightweight and small in size and they can be embedded in a

material or adhered to its surface (Rahim et al. 2015).

When it comes to distributed optical fibre temperature sensing, of interest are the
interrogation methods (e.g. OFDR), scattering types (Rayleigh, Raman or Brillouin) as well
as the sensor properties, namely the sensor length, temperature range, measurement accuracy
and spatial resolution. Optical fibre temperature sensors have been used with lengths up to
kilometres (Wijnands et al. 2011; Silva et al. 2018), in temperatures of below 0 °C (Lu et al.
2014) and up to 1000 °C (Petrie et al. 2014), accuracies down to +0.1 °C and spatial

resolutions down to less than millimetres (Soller et al. 2006).

Optical fibre sensing is mainly divided into three main types of scattering: Rayleigh, Raman
or Brillouin scattering (Hartog 2017, pp. 11-12). Interrogation methods for Rayleigh
scattering are often mainly optical frequency-domain reflectometry or optical time-domain
reflectometry with varying subcategories. (Palmieri et al. 2022, p. 2). The methods used in
the experiments of this thesis to measure a temperature profile are based on the intrinsic
Rayleigh backscattering in the fibres using OFDR. The use of optical fibres in the
experiments focus on measuring a 1D straight longitudinal temperature profile. However,
optical fibres can be and have been used to map a 3D temperature field, such as that of a

nuclear reactor fuel bundle (Lomperski et al. 2017).

Two different models of commercially available optical fibres by Luna Innovations Inc. were
used: a high-definition optical fibre and a high-definition strain-compensated optical fibre.

The fibres are made of silica and have a length of two metres. They each have a protective
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polyimide coating and are contained loosely within a polytetrafluoroethylene (PTFE) jacket.
The PTFE tube jacket is supposed to reduce the amount of strain applied to the fibre when
mounted. (Luna Innovations Inc. 2025a) A layout of an optical fibre assembly is presented

in Figure 1.

Polyimide coated fiber
LC/APC connector i g__ 5=
PTFE jcckei\ Termination
4 : o

L lcm

sensor region

Figure 1. Optical fibre assembly. (Luna Innovations Inc. 2025a)

Figure 1 shows a layout of the different parts of a fibre sensor: the connector, the PTFE
jacket, which contains the polyimide coated fibre, and the sensing region of the fibre which

measures temperature. Usually, the sensing region does not cover the entire length of the

fibre.

2.1 Working principles

When used as a distributed temperature sensor, optical fibre gives a profile of temperature
instead of a single point measurement. The sensing mechanism of an optical fibre is based
on density fluctuations in the fibre material. For temperature sensing, thermal expansion
causes a change in density which causes changes in the refractive index. Ideally, a sensor
would respond only to the intended measurand and not to any other kind of external influence
(Hartog 2017, p. 3). Some common factors besides temperature include vibration, strain,
pressure and humidity. Optical fibres can be immune to electromagnetic interference (Hartog
2017, p. 6) and the effects of ionising radiation (Berghmans et al. 1998; Rizzolo et al. 2015),
although they can also still be used for dosimetry (Di Francesca et al. 2019).
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2.1.1 Taring of the fibres

The fibres are tared before using them in tests, because they give a relative measurement.
Taring means zeroing the temperature measurement to a reference baseline, such as the

ambient temperature that is measured by thermocouples or resistance temperature detectors.

2.1.2 Spatial resolution

Spatial resolution refers to the amount of measurement points per unit of distance. For
example, a spatial resolution of 10 mm in a fibre with a sensing region of one metre gives
100 individual points of measurement. The spatial resolutions used in these experiments
were 5.2 mm for HD fibre and 10.4 mm for SC fibre over roughly 1.2 metres. Usually, at
least with the fibres used in these experiments, the first and last few measurement points can

be disregarded, as they tend to give substantially inaccurate and differing measurements.

2.1.3 Rayleigh scattering

Rayleigh scattering is the natural phenomenon of elastic scattering caused by localised
inhomogeneities of the refractive index of an optical fibre, so in the case of temperature
sensing, thermodynamically caused fluctuations in the fibre’s density (Hartog 2017, p. 37).
The random distribution of these inhomogeneities is stable, giving a backscatter pattern that
is static and unique to the fibre, called a fingerprint (Lomperski et al. 2015). A new
backscatter pattern profile is detected when the fibre is subjected to changes in temperature.
These differing profiles are then Fourier transformed into the frequency domain. (Berrocal
et al. 2020) Backscattering basically refers to the scattered light which is being reflected
opposite to the probe light. The working principle of Rayleigh backscattering in optical fibre
is illustrated in Figure 2. Rayleigh scattering can be detected and analysed with different

methods including optical frequency-domain reflectometry.
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Figure 2. Rayleigh backscattering working principle in optical fibre.

The figure shows an illustration of Rayleigh scattering caused by inhomogeneities in the
optical fibre core’s refractive index. A probe light is sent along the fibre and a backscatter

signal is received from Rayleigh scattering reflecting from the inhomogeneities.

Rayleigh scattering is also affected at least by vibration, strain, pressure and humidity, which
can all contribute to inaccuracies in measuring temperature. Alternatives to elastic Rayleigh
scattering mainly include detection of Raman or Brillouin scattering, which are inelastic
(Hartog 2017, pp. 11-12). Rayleigh OFDR offers a high sensitivity to temperature, e.g. some
thousand times that of the Brillouin frequency shift with respect to temperature (Hartog

2017, p. 286).

An optical fibre sensor based on static temperature sensing of Rayleigh scattering can be
used again even if the equipment is switched off or disconnected to perform measurements

later (Hartog 2017, p. 231).

2.1.4 Optical frequency-domain reflectometry

Optical frequency-domain reflectometry refers to the technique employed by a device that
interrogates an optical fibre sensor signal, so in this thesis the ODiSI 6108 by Luna
Innovations. It is a swept-wavelength interferometric technique for detecting changes in the
frequency domain which can distinguish scattering points at different locations along a fibre
(Soller et al. 2006; Rahim et al. 2015; Luna Innovations Inc. 2018). A probe light is sent
along the fibre, and when thermal expansion of the fibre material causes a spectral shift in

the Rayleigh backscatter signal of the probe light, the spectral shift is detected and attributed
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to the change in temperature (Sang et al. 2008). This working principle of OFDR is

illustrated in Figure 3. A common alternative to OFDR is optical time-domain reflectometry.
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Figure 3. OFDR working principle. (Rahim et al. 2015)

The figure shows the working principle of OFDR. An initial Rayleigh backscatter baseline
signal (black line) is measured and compared to a strained measurement (grey line) that is
detected after a change in the measured property. A cross correlation is made between the
baseline reference and strained measurement spectra to derive the temperature change.

(Rahim et al. 2015)
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2.2 High-definition fibre of Luna Innovations

One fibre used was a ¥0.8 mm high-definition optical fibre by Luna Innovations with a
spatial resolution of 0.65 mm. However, the spatial resolution setting can be changed from
a few different options down to 5.2 mm. The lower spatial resolution of 5.2 mm was selected
for these experiments for a couple of reasons: less deviation in measurements based on
previous experience and being closer to the SC fibre’s 10.4 mm resolution. The term “high-
definition” fibre is used by the manufacturer. Presumably, it refers to the high spatial
resolution, but the term is not commonly found in literature. According to the product data
sheet, the fibre is a standard unaltered low bend loss fibre. Measurement uncertainty is not
stated. Operating temperature range is stated to be -40...220 °C. (Luna Innovations 2025a)
The third experiment’s temperature setting is above this operating range to see if the fibre

works in such high temperatures and above.

2.3 High-definition strain-compensated fibre of Luna Innovations

Another fibre used was a ¥0.89 mm high-definition strain-compensated optical fibre, also
by Luna Innovations, with a spatial resolution of 10.4 mm. The fibre differs from the HD
model by being marketed as more accurate and having so-called “strain compensation
technology”, but this is not explained in further detail in the product data sheet. (Luna
Innovations Inc. 2025b) More information on strain compensation can be found in a paper
by Luna Innovations (Potter et al. 2021). According to the product data sheet, the
measurement uncertainty is 0.9 °C and the operating range of the sensing region is -40...200
°C. This stated operating range presumably stems from a study that was limited to that
specific temperature range (Rahim et al. 2015). It is a 20 °C lower maximum temperature

than for the HD fibre and also below the third experiment’s temperature setting.
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2.4 Polyimide coating

An important component to consider is the polyimide coating on an optical fibre sensor. The
use of this polymer in optical fibre sensors and its response to temperature and humidity has

been widely reported.

Polymer-coated fibres exhibit humidity related hysteresis (Rahim et al. 2015). According to
Thomas & Hellevang (2017), when interrogating fibres with Rayleigh OFDR, the distributed
sensor is strongly humidity sensitive when polyimide coated fibre is used, and only weakly
sensitive when acrylate coating is used. Since polyimide is hygroscopic, the sensors respond
to humidity changes. Absorption of water vapor swells the coating while desorption shrinks

it, which strains the underlying fibre and alters the signal. (Lomperski et al. 2016)

Polyimide coating on optical fibres can maintain its mechanical integrity in temperatures up
to 400 °C (Huang et al. 2016) and has also shown the least amount of radiation-induced

attenuation in comparison to acrylate or aluminium coatings (Mélin et al. 2019).

2.5 Polytetrafluoroethylene jacketing

Both optical fibres are contained loosely within a PTFE tube, being the outermost layer
component of a fibre assembly. Although the polymer tube should help negate effects of
strain on the fibre and allow thermal expansion of the fibre (compared to being adhered
directly without jacketing), problems could arise when operating at temperatures over 200
°C. The melting point for PTFE is stated to be at 327 °C (National Center for Biotechnology
Information 2025). In Encyclopedia of Toxicology, it is stated that PTFE decomposes at 200
°C (Radulovic & Wojcinski 2014). Teflon product website, for example, claims an operating

temperature up to 260 °C (The Chemours Company 2025).

The fibres could be able to perform in these experiments at 200 °C up to 240 °C without the
jacketing suffering from any degradation, but it is also possible that it could affect

measurement accuracy or make them completely unviable.
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2.6 Previous works

Optical fibre sensors have been studied extensively since at least the 1970s (Payne &
Gambling 1974; Giallorenzi et al. 1982, p. 626). It is known from several previous works
over the years that measuring temperature distributions with optical fibre sensors is feasible
in different mediums. It is also known from previous studies conducted in LUT University
that distributed optical fibre sensors are able to somewhat reliably measure a temperature
profile, although with some issues. In scientific literature, extensive studies have been made
regarding distributed optical fibre temperature sensors. Testing has been conducted in
temperatures up to 1000 °C (Petrie et al. 2014), functional operating temperature being up
to about 650 °C (Wood et al. 2014). They have been used in radioactive environments with
ionising radiation in nuclear research reactors (Sang et al. 2008; Remy et al. 2016), nuclear
waste repositories (Phéron et al. 2012) and spent fuel pools (Rizzolo et al. 2017; Shin et al.
2019).

In LUT University, the same high-definition and strain-compensated model distributed
optical fibre sensors by Luna Innovations with high spatial resolutions as in this thesis have
been tested to measure temperature in recent years with unsatisfactory results. In some
previous experiments, the fibres were placed in steel capillary tubes with bends that were
submerged in a pool of water. They were deemed not reliable for stand-alone measurements
without thermocouples, but valuable when combined with them. The results showed that
optical fibre temperature readings were higher than thermocouples and became higher as a
function of time. (Hujala et al. 2024) In comparison, this thesis will perform more simplified
tests with the fibres not being submerged in water and mounted horizontally on the surface

of a material that is then thermally insulated with the fibre.

Soller et al. (2006) claim an accuracy of £0.1 °C with a spatial resolution of 10 mm and an
accuracy of =1 °C with a spatial resolution of 2 mm. Sang et al. (2008) studied Rayleigh
based optical fibres with different coatings and 10 mm spatial resolution in temperatures
about 100 °C, showing a correlation of dopant level to the spectral shift of the optical fibre.
Rahim et al. (2015) experimented with measuring temperature using Rayleigh OFDR single-
mode low bend loss optical fibre, reaching results of a temperature resolution of 0.5 °C in
an operating range of -40...200 °C. Metal coated fibres were reported to experience large

variations along the fibre length whereas stripped and polymer-coated fibres displayed
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consistent lengthwise uniformity, resulting in accuracies of 0.5 °C. Wood et al. (2014)
studied optical fibres in temperatures up to 1000 °C, successfully performing measurements
up to 600 °C with single-mode silica optical fibre, stating that the sensing mechanism for
that particular fibre failed after approximately eight hours at 750 °C. The fibres had an
acrylate coating which was removed for some of them, becoming brittle and difficult to work
with. Acrylate coating that remained on fibres started to burn off at 450 °C. This burning of
the coating did not cause significant degradation to the temperature sensing mechanism.
Lisowski et al. (2015) tested polyimide and metal coated fibres along with bare fibres
without coatings in temperatures up to 600 °C. Uncoated sensors demonstrated the best
stability with the least hysteresis. Metal coated fibres showed poor repeatability and
temperature performance. Polyimide coated fibres exhibited a pronounced shift and

hysteresis, for which they recommend using an initial heat-up.
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3 Experiments in measuring distributed temperature profile

The experiments were performed in LUT University’s Nuclear Engineering Laboratory in
the CRAFTY facility. Water was heated and set to flow inside a @¥13x1.5 mm straight,
horizontal stainless steel (EN 1.4404) discharge tube. Optical fibres were used to measure
the outer surface temperature of the tube. The facility is capable of reaching temperatures up
to 270 °C. Three different experiments were carried out with increasingly varying
temperatures from 150 °C up to 240 °C. Each experiment contains two runs of heated water,
one for testing each fibre model, since they cannot be interrogated simultaneously. This gives
a total of six separate tests. The fibres are under test for a few minutes at a time. The stated
operating temperatures of the optical fibres by the manufacturer vary slightly between the
different models of fibre but should be at least up to 200 °C (Luna Innovations Inc. 2025b).
It is worth noting that by the time the third experiment is conducted, both fibres have endured
temperatures of 150 °C and 200 °C, all the while cooling down to ambient temperatures in

between experiments.

3.1 Measurement arrangements

The fibres were installed on the tube’s outer surface with strips of tape (Figure 4) and an
adhesive (Figure 5) to measure a straight, horizontal temperature profile. A thermally
insulating layer surrounds the tube and adhered fibre. Adhesive used was a LOCTITE EA
9497 B epoxy adhesive. There is an approximately 25 mm section of no glue for both fibres

close to the middle of their sensing regions.

The temperature measurements with the fibres were done in conjunction with and compared
to readings of more traditional instrumentation, which were two K-type thermocouples
(Figure 6) and two platinum 100 ohm (Pt100) resistance temperature detectors (Figure 7).
The fibres and Pt100s measure temperature on the surface of the tube whereas the TCs
measure from inside the tube. The fibres measure a profile of the temperature distribution
along the tube whereas the Pt100s and TCs give single-point measurements. Fibre
temperature data was collected with an optical distributed sensor interrogator ODiSI 6108

(Figure 8) with a frequency of 2.5 Hz. Software used with the interrogator was Luna ODiSI
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6 v2.4.2. Software used for collecting Pt100 and TC temperature data as well as running the
process control was National Instruments LabVIEW. Locations of the sensors along the

discharge tube are illustrated in Figure 9.

Figure 4. Installation of optical fibre with tape applied.

Figure 4 shows the HD fibre contained within its PTFE jacket applied with some strips of
tape to the side of the tube’s surface. The SC fibre (not pictured) is applied to the opposite
side in the same fashion. The tube is temporarily exposed from the thermal insulation for the

duration of the fibres’ installation.
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Figure 5. Installation of optical fibre with adhesive applied.

Figure 5 shows a taped fibre covered with the adhesive. A part of the thermal insulation layer
can also be seen on the right which is later reapplied to cover the rest of the tube and adhered

fibre after applying the adhesive.

Figure 6. Installation of a thermocouple sensor.
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Figure 6 shows the discharge tube’s cross-section and a thermocouple installed in an angle

from the top which measures temperature from the inside.

Figure 7. Installation of a Pt100 sensor.

Figure 7 shows a Pt100 sensor on the discharge tube’s side, measuring temperature from the

surface.

Figure 8. ODiSI 6108 interrogator.
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Figure 8 shows the ODiSI 6100 series interrogator. The device is an optical frequency-
domain reflectometer that detects Rayleigh backscattering in the fibres. Both the HD and SC

fibres are connected simultaneously despite the tests being ran separately for each fibre type.

Pt100

No glue

Figure 9. Illustration of sensor locations along the discharge tube.

This approximate illustration shows the relative locations of each sensor relevant to these
tests on the discharge tube. Both fibres are approximately at the same location opposite of
each other. The sensing region of the HD fibre spans about 1264 mm at 1.67...2.93 m and
for the SC fibre about 1275 mm at 1.66...2.94 m. There is a 25 mm no glue section in which
the fibres are not covered by the adhesive. The outer surface Pt100 sensors are located at
1.62 m and 3.05 m. The TC sensors reaching inside the tube are located at 1.56 m and 2.99

m.

3.2 Measurement results

Three different experiments were performed: first with 150 °C, second with 200 °C and third
with 240 °C water. Each experiment has two tests: first for HD fibre, second for SC fibre.
Results are therefore analysed for each model of fibre separately but are still presented and

compared together.
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Each time, the fibre sensors showed higher temperature readings and lower precision
compared to those of the traditional instruments. The results are presented as the mean
temperature over a one minute period when the discharge tube temperature has reached a

stationary state. A summary of results from all experiments is presented in Appendix 1.

Response time of optical fibre was fast. Optical fibre reacted quickly to temperature changes,
almost as fast as TCs and Pt100s, although SC fibre had temporary high peaks during raising
and lowering of temperature. Temperature data of all sensors as a function of time is

presented in Appendix 2.

3.2.1 Experiment 1 (150 °C)

In the first experiment, the tube was heated with 150 °C water. Figure 10 shows the
temperature profiles along the tube’s outer surface for the HD and SC fibre. The figure

includes readings of the Pt100 and TC sensors as a reference.
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Figure 10. Experiment 1 temperature profiles.

The figure shows a temperature profile for (a) the HD fibre and (b) SC fibre tests, which

were performed separately. The mean temperature measurements of the fibres are marked in
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grey, Pt100s in blue and thermocouples in red. A no glue section, where adhesive was not

applied, is highlighted in grey.

Both fibres mostly showed higher and less precise temperature readings than the Pt100s and
TCs, which had more uniform and accurate readings despite the Pt100s also sensing from
the outer surface like the fibres. The mean temperature of the HD fibre showed between
about 0...2.5 °C above the actual temperature of 150 °C and the SC fibre showed mostly
between about 0...5 °C higher. The HD fibre has much less variation in temperature readings
compared to the SC fibre. The SC fibre is less precise, having over two times more deviation
in the measurements in comparison. The HD fibre’s measurement point amount is greater

and spacing is more dense due to a higher spatial resolution over the same distance.

The no glue section shows a clear drop in sensed temperature which normalises after the

section. The drop is more apparent in the HD measurement.

3.2.2 Experiment 2 (200 °C)

In the second experiment, the tube was heated with approximately 200 °C water. This
temperature is stated to be the maximum operating limit of the SC fibre. The PTFE jacketing
and the adhesive could also degrade in these temperatures. The adhesive is stated to work in

temperatures up to 200 °C (Henkel Limited 2025). Results are presented in Figure 11.
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Figure 11. Experiment 2 temperature profiles.
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In this experiment, the temperature settings were closer to about 195 °C. The temperature
along the length of the discharge tube decreases due to heat losses by about 5 °C, hence the
sloped temperature profiles. The mean temperature readings of (a) the HD fibre were now
at least 10 °C higher, when previously they were at most only a few degrees higher, and (b)
the SC fibre were about 5 °C higher, which is about the same as previously but better than

the HD fibre in this case. SC fibre was less precise but more accurate.

3.2.3 Experiment 3 (240 °C)

In the third experiment, the tube was heated with 240 °C water. This tested the limits of both
HD and SC fibre, as the temperatures were above their stated maximum operating
temperatures. This experiment also again tested the durability of the PTFE jacketing for
both the fibres and the adhesive. Results are presented in Figure 12.
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Figure 12. Experiment 3 temperature profiles.

In the third experiment’s first test (a) the HD fibre was even more inaccurate than previously
and showed about 20 °C higher temperature than actual. In the second test (b) the actual

temperature was about 230 °C. SC fibre was again better at displaying a more accurate
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temperature than HD fibre. SC fibre showed almost the same or at most about 5 °C higher
readings than actual temperature. SC fibre operated 30 °C above its stated maximum
temperature without failure. Difference between Pt100 and TC sensors were (a) about 2...4
°C at 240 °C and (b) about 1...2 °C at 230 °C. Again, the temperature decreases further along
the tube by at least about 5 °C.
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4 Conclusions

Distributed optical fibre temperature sensors, namely high-definition and high-definition
strain-compensated by Luna Innovations, were tested with reference to K-type
thermocouples and Pt100 resistance temperature detectors. These optical fibres were able to
measure relatively clear but deviating and inaccurate temperature profiles with high spatial
resolutions along the outer surface of a horizontal stainless steel tube that was heated to
temperatures over 150 °C up to 240 °C. Both fibres, along with their polyimide coating,
polytetrafluoroethylene jacketing and overlaid adhesive, remained operational in these
temperatures. A small section of each fibre’s sensing region without adhesive showed drops
in measured temperature for that specific region, being more pronounced for high-definition

fibre.

High-definition model fibre initially seemed more promising in the first experiment at 150
°C, measuring about +2 °C higher temperature and being more accurate on average and twice
as precise in comparison to the strain-compensated model. However, the readings became
more inaccurate in temperatures of about 200 °C, showing about +10 °C higher, and in the
third experiment up to +20 °C higher readings. Its precision was almost consistent

throughout experiments, but its accuracy decreased noticeably as a function of temperature.

Strain-compensated model fibre had consistent precision and accuracy. In each experiment,
it showed somewhere between nearly the same and +5 °C higher temperature readings
compared to the traditional instrumentation without the inaccuracy or deviation increasing
as a function of temperature. Strain-compensated fibre was therefore better at giving more
accurate and precise temperature readings at 200 °C and above, also being functional even

past its stated maximum operating temperature.

Although the thermocouples measured temperature from inside the tube, and resistance
thermometers and optical fibres on the surface, the resistance thermometer measurements
still closely resembled those of the thermocouples, but usually gave slightly lower readings

as 1s expected for surface sensing.

The results of these experiments do not align with the notion of 1 °C accuracy as stated by

the product data sheet or some previous works, but do show that in general the use of optical
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fibre is feasible in temperatures over 200 °C up to 240 °C, at least with the specific models
of fibre that were used. The results coincide with previous LUT University studies that

temperature readings of high-definition fibre becomes higher as a function of temperature.

Tests were limited to two different models of fibre by the same manufacturer and to probing
them one at a time. Tests were aimed for a 250 °C maximum temperature, with the facility
being able to reach 270 °C, but were limited to about 240 °C for high-definition fibre and
230 °C for strain-compensated fibre. The fibres were held in these temperatures for a few
minutes at a time, so durability over long periods of time was not tested. The inner workings
of the interrogator and software used are relatively unknown besides the given product
information, so any further in-depth analysis on any potential inaccuracies or failures

regarding the device or software could not be made.

In future experiments, it could be worthwhile to test with different types of optical fibre
sensors, since a great amount of configurations exist when taking into consideration the
different combinations of all possible variations, although with proper literature review of
previous studies it can be quite easy and quick to determine what types and methods to use
for specific purposes. When comparing different fibres together, it would be best to conduct
tests simultaneously for all of them to attain better comparisons, and possibly have multiple
of the same types of fibres for further validation. Fibres with longer sensing region lengths
should be used to validate that the temperature distribution remains consistent across the
entire fibre. Lower spatial resolutions are recommended, especially for cases when there is
no need for such high amount of data points, since less dense spacing appears to give more
accurate results. Durability should be tested with holding fibres under high temperatures for
longer periods of time, as for the sensors to be practical, they would have to survive and
show consistent performance over e.g. months or years of use. It could also be relevant to
do testing in environments with even higher temperatures, depending on wether there is
reasonable need for achieving such temperatures, or with ionising radiation, in which at least
Rayleigh OFDR could be well suited for according to scientific literature. To show the
advantages of these sensors better over traditional instrumentation that only give single point
measurements, multiple fibres should be set up in configurations to map 2D or 3D
temperature measurements, revealing the full potential of optical fibre sensing. All of the
mentioned suggestions already exist more or less in current literature, so some indication on

different parameters and configurations can be found.
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Improvements to enhance temperature sensing in silica optical fibres have been proposed,
such as ultraviolet light exposure for enhancing Rayleigh backscatter signal by ten-fold,
meaning an increase in temperature resolution, (Lorangel et al. 2015) or laser writing
methods for improving thermal stability, radiation resilience and measurement sensitivity
(Wang et al. 2018; Wang et al. 2020), increasing germanium concentration (Szczupak et al.

2021) or applying a coating with aluminium or other materials (Kwon et al. 2019).
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5 Summary

Distributed optical fibre temperature sensors were tested in experiments conducted in the
Critical Flow Test Facility to detect temperature changes on the surface of a steel tube. Three
experiments were performed with heated water flowing inside the tube with varying
temperatures from 150 °C to 240 °C. Two different models of optical fibre by the same

manufacturer were used and compared together and to traditional instrumentation.

Both fibres functioned above their stated maximum operating temperatures, up to at least
230 °C. The polytetrafluoroethylene jacketing or polyimide coating did not degrade enough
to affect the sensors significantly. Temperature measurement results did not agree with stated

product information or previous studies which have claimed higher accuracies.

High-definition fibre was tested up to 240 °C and showed between +2 °C to +20 °C higher
temperature readings, with both the accuracy and precision decreasing as a function of

temperature.

Strain-compensated fibre was tested up to 230 °C and showed consistently between the same
to at most +5 °C higher readings. Despite initially being less precise than high-definition

fibre, the precision and accuracy remained the same throughout all of the experiments.

In future studies, experiments could be made with:

different types of fibres that vary by either interrogation methods, material, coating,
jacketing or all of the mentioned

= fibres that have longer sensing lengths

= fibres that have lower spatial resolutions (>10 mm) for potentially better results

= probing all fibres simultaneously if the equipment allows it

= multiple of the same type of fibre for redundancy

= fibres under test for longer periods of time

= temperature mapped in more dimensions (2D, 3D)

= even higher temperatures

= radioactive environments

Optical fibre temperature sensors can be a viable solution for temperature sensing

applications. They have already seen use in automotive and aviation industries, as well as
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testing in nuclear research reactors. Further improvements and testing is needed to achieve
satisfactory performance that would be identical to traditional instrumentation in terms of
accuracy. Distributed optical fibre sensing is a field that is continually evolving.

Improvements to enhance their sensing abilities have already been proposed with multiple

different techniques.
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Appendix 1. Summary of results.
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Figure 10. Experiment 1 temperature profiles.
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Figure 11. Experiment 2 temperature profiles.
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Figure 12. Experiment 3 temperature profiles.



Appendix 2. Sensor response time.
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